An approximate titration equation is developed for the reaction between fibrous proteins and acids, in which account is taken of the valency and intrinsic affinities of the acid anions, and of the limited number of adsorption sites available for anions. The transition from soluble to fibrous proteins is traced in order to demonstrate that the main difference between the titration curves of the two types of protein arises from the difference in potential de veloped during the adsorption of protons.
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An approximate titration equation is developed for the reaction between fibrous proteins and acids, in which account is taken of the valency and intrinsic affinities of the acid anions, and of the limited number of adsorption sites available for anions. The transition from soluble to fibrous proteins is traced in order to demonstrate that the main difference between the titration curves of the two types of protein arises from the difference in potential de veloped during the adsorption of protons.
Recent work on the dissociation curves of soluble proteins has shown that their main features can be explained if it is assumed that salts such as protein chloride or sodium proteinate are completely dissociated in solution (Cannan 1942) . The difference between the number of protons reversibly combined with a dissolved protein molecule, and the number of potentially negative groups such as carboxyl and phenolic hydroxyl, then determines the net charge on the molecule. If the number of combined protons is plotted against pH, a complete titration curve is found to contain a series of steps corresponding to the successive dissociation of different types of group (guanidine, amino, imidazole, carboxyl, for example), the position of the steps being determined by the net charge of the whole molecule, and the intrinsic dissociation constants of the groups. An acceptable theoretical analysis of these curves was first given by LinderstromLang (1924) , and has since been extended by other workers (Cannan 1942; Cannan, Palmer & Kibrick 1941 . For details, the references just indicated should be consulted, but, to put the matter briefly, these authors assume th at a protein mole cule is spherical, with its charged groups distributed at random over its surface. If the molecule gains a proton its potential is raised by an amount e/Dr and the electro static potential energy of each of the protons already adsorbed is increased by roughly e2/Z)r, where D is the dielectric constarjt of water, e is the electronic charge, and r is the radius of the molecule. Shielding by the ion atmospheres surrounding the polyvalent protein ions and the free protons is computed with the help of the theory of Debye & Huckel (1923) , and the statistical factor th at appears in the dissociation of polyvalent ions is calculated after the manner of Adams (1916) and Bjerrum (1923) .
Soluble proteins are mentioned here to enable us to show th at the transition from a soluble protein to a compact fibrous protein must be accompanied by a change in the form of the titration curve. The same principles apply over the whole of the complex curve, but they will be illustrated with respect to the part of the curve for which carboxyl groups are responsible, since the dissociation constants of the latter are approximately the same as one another, and are sufficiently different from those of basic groups for this part of the curve to be almost homogeneous. In addition, we shall consider a protein in which the carboxyl groups are equal in number to the basic groups (since this has been found to be approximately true for the protein, wool keratin, in which we are particularly interested in this paper), but once again, it is easily seen how the treatm ent can be modified to suit a more general case, even if the result is algebraically more complicated. I t follows from these conditions th a t a t the isoelectric point all the carboxyl groups are dissociated, and all the basic groups charged.
As acid is added to such an isoelectric dissolved protein, protons are taken up with decreasing affinity as the protein molecule assumes a positive charge proportional to the number of protons adsorbed. Therefore, instead of this p art of the titration curve being identical with the neutralization curve of a mono-carboxylic acid, it is spread over a wider range of pH. The maximum potential th a t can be built up on the molecule is limited to th at produced by the positively charged basic groups when all the carboxyl sites have been neutralized (although it is not implied by this th at there is any differentiation between the different adsorbed protons as far as this potential is concerned). For many naturally occurring soluble proteins it is reasonable to suppose th a t the positive charge is never high enough (remembering the shielding effect of ion atmospheres) to bring about more than a very slight adsorption of unspecific ions like the chloride ion, from dilute solutions of acid. Egg albumin, for instance, is limited to a positive charge of about forty a t the most (Cannan et al. 1941) . A high concentration of anions in solution, or the pres other sources of attraction beyond these coulombic forces, leads to a very different situation, and anion adsorption is then quite likely.
I t is found th a t titration curves obtained a t constant ionic strength are steeper, the higher the ionic strength (Cannan 1942) . One school of thought (Abramson, Moyer & Gorin 1942 ) attributes this to the adsorption of ions other than protons in amounts increasing with ionic strength, but Cannan et al. (1941) have calculated the magnitude of the effect very convincingly by assuming complete anion dis sociation throughout, and merely increased shielding with r is in g ionic strength.
We can now indicate how the difference in dispersion of fibrous and soluble pro teins leads to differences in their titration curves. Instead of being limited to some forty or so, the number of protons th a t a single compact element of fibre can absorb is very great. For a protein molecule of radius r in which the proton sites are dis tributed uniformly and at a density independent of r, the potential increment produced by each proton decreases according to l/r, but the number of sites increases with r3. In fact, if r is of microscopic, instead of atomic dimensions, only a minute fraction of the proton sites can be filled before a potential is reached th at makes any further selective adsorption of protons quite impossible. After this, each adsorbed proton must be accompanied by an anion, and furthermore, the anion must pene trate into the interior, and not merely form a tightly adsorbed layer a t the fibre surface, for such a separation of anions and protons would still lead to prohibitive potentials.
This picture for the familiar stoichiometric adsorption of anions and cations by fibres leads one to expect a fibre in acid solution to be at a higher positive potential than a soluble protein that differs from it only in size of particle. In qualitative agreement with this, the acid-titration curve of wool keratin lies in a region of much lower pH than the corresponding curve for a protein such as egg albumin (Steinhardt & Harris 1940) . I t should be noticed that the apparent increase in the acid strength of the carboxyl groups in a fibre is not attributed to the presence of positive groups in close proximity to each carboxyl group, but to the positive potential of the fibre as a whole. There is therefore not a very close analogy with amino acids like glycine, where the interaction between neighbouring charged centres is high because they are separated, not by water of hydration as in salt links, but by a chain of carbon atoms with a low dielectric constant.
Most of the fall in potential between the fibre and solution probably takes place in the diffuse ion atmosphere surrounding the fibre, just as in the case of soluble proteins, although now the anions in this layer are a negligible part of the whole. The surface layer of tightly adsorbed anions contributes another part, and the rest occurs within the fibre itself, since thermal disturbance of the excess protons prevents them being entirely in the outermost sites. The final rise within the fibre, which is analogous to the fall in the external medium, will probably be sharp enough for the adsorbed ions to be treated as if they were all in an equipotential region. Measurements of electrophoretic mobility can only give information about the outer diffuse layer.
T h e a c id -t it r a t io n e q u a t io n f o r p r o t e in f i b r e s
If the fibre is compact, the most likely sites for the adsorbed anions are the posi tively charged basic groups, almost all of which in wool keratin are usually supposed to be paired with carboxyl groups (Speakman & Hirst 1933 ). In the model on which calculations will be made, it will be assumed that all these positive groups have identical properties as far as their interaction (intrinsic affinity) with anions is concerned, and that all the carboxyl groups are alike in their affinity for protons. Further, the important assumption will be made that an anion is free to occupy any positive site, irrespective of whether or not the positive site is next to a carboxyl group th a t has been neutralized by a proton. Only one anion, however, can be ad sorbed by any one site, just as the adsorption of one proton makes a carboxyl site no longer available. Anions and protons are thus regarded as being adsorbed in dependently, except in so far as they influence one another through their contribu tion to the net charge of the fibre.
The dependence of the chemical potential of an uncharged adsorbed substance, distributed at random among a limited number of sites, on the fraction 6 of the sites occupied, has been deduced statistically by Fowler (Fowler & Guggenheim 1939) , and is given by A = ffl{ T PJflbre + In where ju,°(TP) is the chemical potential of the substance a t a pressure P and tem perature T when 6 = 0-5, and R is the gas constant. If the substance has unit charge, and the sites are in a region of potential ijr, the chemical potential is greater by rfrF, where F is the Faraday. ju,°(TP) is then defined as the chemical potential when 6 -0*5 and the electrostatic potential is zero.
For a proton = Ah ( T P ) fIbre + and for a chloride ion, for example,
The corresponding equations for these ions in a solution in equilibrium with the fibre, and referred to the same zero, are
and Aci = Aci( T R)soin. + T t Tl n /cl. Cl.
p U T P U n . an(l Aci(^T j^> )soin. are the chemical potentials of the hydrogen and chloride ions respectively when their activities are unity, while concentrations, in gram ions per litre, are represented by atomic symbols, and activity coefficients by / h a n d / a .
I f the abbreviation
is used for the change in standard chemical potential of an*ion of type i during adsorption, one finds by equating the chemical potential of the proton in the two phases, th a t
R T \ n^-= -A^H + BT]nKfB-< /rF ,(7)
while for the chloride ion,
In treating d/q as a constant with a value specific for each ion, we shall be assuming th at the properties of a site such as its effective volume are approximately constant, and that variations in the term {(PF)flbre -(PF)aoln} can be neglected. \Jr can be eliminated by adding equations (7) and (8) 
The unique importance of the hydrogen ion in practice is therefore not apparent in the titration equation, which is symmetrical with respect to anion and cation.
If there are the same number of acidic and basic sites, = dCi, (lfc and for titration with pure acid there is the further equality,
The base of the logarithms has been changed to allow the solution concentration to be expressed in terms of pH, and since the treatment already involves several approximations, we have set the activity coefficients equal to one. Equation (11) is reasonably well satisfied by published data for the titration of wool keratin with hydrochloric acid. The experimental results of Steinhardt & Harris (1940) are compared with this theoretical relation in figure 1. In the calcula tion of 6k , a maximum capacity of 8*2 x 10~4 g.mol. of hydrochloric acid per gram of wool has been assumed.
T it r a t io n s a t c o n s t a n t io n ic s t r e n g t h
When mixtures of ions of the same sign are present in solution, the fibre sites are shared according to the respective intrinsic affinities (d/q) and concentrations of the different ions. The effective fibre ' concentration ' of any ion is no longer 6J( 1 -6{) but is
O^l -ZO?) (Fowler & Guggenheim 1939) , where the summation includes all ions of the same sign as i.
If an alkali salt of the acid is added to the solution to enable titration to be carried out at constant ionic strength, equations analogous to (7) hold for both protons and alkali metal ions, e.g.
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R TI n--
-e^-e = P P l n H -z W -^F ,
and R T \nT S -= O T lnN a 1 -(7h C /Na
(again omitting activity coefficients, and using sodium ions as an example).
23-*
By subtraction,
(d/% -d/%a) is strongly negative, and we can therefore neglect < 9Na in comparison with dn except when Na is very much greater than H. Making use of this simplification, we find from equation (9) when sodium chloride is used to maintain a constant ionic strength, th at l o g j^-= -ip H{Afia + Afta) + i log Cl, Thus the greater the ionic strength, i.e. the greater Cl, the less the hydrogen-ion concentration needed for a given degree of fibre saturation. For instance, if the fibre is to be half-saturated ( p H^.^l o g C l -^^H + ^c ) .
Titrations carried out at constant ionic strength by Steinhardt (1942) and by Steinhardt & Harris (1940) The influence of the intrinsic affinity of the anion of an acid on the position of the titration curve with respect to the pH axis, is shown clearly by equation (11). For example, if the chloride ion is replaced by an ion of greater affinity (less positive A fa) the whole curve is moved to regions of higher pH. 
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R e l a t io n t o o t h e r t h e o r i e s o f t it r a t io n
Very few quantitative theories for the titration of fibrous proteins have been published. The suggestion th a t the equations of Donnan (1911) developed for ionic equilibria across membranes should be applicable was made in 1925 by Speakman (1925) , and two years later, Elod & Silva (1927) interpreted their experiments on the swelling of wool in acids with the aid of these equations. They were influenced too much, however, by the analogous treatm ent of soluble proteins by Loeb (1922) in assuming th at the water imbibed by proteins provided an ordinary aqueous environment for adsorbed ions. The present treatm ent differs in th a t it allows for interactions other than with the space charge or with water, and in taking account of the limited number of sites available for anions. The more general form of the equations of Donnan (Donnan & Guggenheim 1932) could, of course, be applied directly, if suitable activity coefficients were calculated for the fibre phase with the help of a model such as th at in use here.
Recently, Steinhardt (1941 Steinhardt ( ,1942 and Steinhardt & Harris (1940) have advanced very different ideas. It will be of help in presenting them if the physical meaning of the equations developed above is summarized.
It can be seen that in spite of the fibre potential being the only link between the adsorbed cations and anions, it does not appear in the final form of the titration equations. Even so, it provides the simplest key to the titration process. We may first consider titration with pure acid, as in the initial paragraphs of this paper. A very small quantity of acid added to an isoelectric fibre ensures th a t the fibre has a sufficient potential to adsorb anions even if they have almost no intrinsic affinity. The exact magnitude of this potential depends on the electrostatic energy needed to concentrate as many anions in the fibre as there are protons attached to carboxyl groups. This energy is decreased if one increases the concentration of anions in the external solution, or chooses an anion with more intrinsic affinity, but is increased if the desired concentration of anions in the fibre is increased. In the presence of pure acid, any lowering of pH is accompanied by an increased adsorption of acid, but no increase of fibre potential because the higher concentration of anions in the fibre is exactly counterbalanced by the higher anion concentration in the solution. The titration is therefore carried out with the fibre at a constant potential with respect to the solution, determined by the intrinsic affinity of the anion employed and the proton. If the anion contains groups with a high affinity for proteins, the fibre potential may even be zero or negative in acid solution.
The extent of the cleavage between this theory, and the treatm ent put forward by Steinhardt & Harris (1940) is immediately to be seen from their assumption, which we quote, th at 'No recognition need be taken of differences in hydrogen-ion concentration inside and outside the fibre'. This may mean, they say, 'either th a t these concentrations are identical, or th at they are related to one another in a way which is practically independent of the presence of other ions'.
As the basis of their treatm ent they assign four dissociation constants to the following equilibria:
whence
In these equations W represents a salt-link such as -COO'NH^-and WA, H and WH A are its possible states of combination with an anion A ' or proton H+. Drawing an analogy from the first and second dissociation constants of a dibasic acid, they assume th at the tendency of H to dissociate from H is much less than its tendency to dissociate from W H, i.e.
A r ^ A tt*.
p K u> is given the value 4*2, and in one of the latest papers (Steinhardt 1942) 
In the first case the rest of the anions required for electrical neutrality are found in an adsorption layer round the fibre, and in the second case, protons form an external layer.
By substituting from equations (17) to (20) into (24), the fraction of the fibre combined can be related to the pH and anion concentration of the solution. I t is then found th a t a plot such as th a t in figure 1 leads to a titration curve with a slope of about -2 instead of -1 for pure acid, and a slope of -1 instead of -for titra tion in the presence of a constant concentration of anions. To correct for this, Steinhardt (1942) proposes the introduction of all activities and constants as square roots, and suggests th a t this is necessary because the state of ionization of the fibre as a whole has not been taken into account.
In deciding the physical meaning of this theory, it is useful to consider three particular cases, namely,
(1) Titration with an acid of which the anion has almost no intrinsic affinity for proteins.
(2) Titration with an acid having an anion of very high affinity. (3) Titration with an acid in which the anion has the same intrinsic affinity as the proton.
In the first case WA is negligible, and as a consequence (since
WHA must also be negligible. This leaves TFH responsible for the whole of the adsorption, and requires practically all the anions to be in an adsorption layer round the fibre according to the postulates of the theory. As was pointed out earlier on, this could only be possible energetically if the protein unit were of the size of a soluble protein molecule. The second case is analogous to the first, with the position of the anions and protons reversed. In the third case, all the acid, for practical purposes, is present as ion-pairs, WH These ion-pairs function as undissociated molecules of acid with their chemical potential given by a relation similar to th a t for ions, i.e. 
Equation (29) is the analogue of equation (11), and shows th at the slope of -2 for the plot of log 6/(1 -0) instead of -1 does not arise through neglec charge on the fibre (which is uncharged during titration with an acid having pro perties that include it in class three), but is due to the assumption th at adsorbed anions and protons are associated in the fibre.
The energy of association responsible for the difference between K^> and K # (and between K A and K A,) is numerically equal to R T In. K k/K w , which amounts to some 5 or 6 k.cal. if their value for the ratio of the constants is taken. This value seems far too high, since it arises from the interaction of a hydrated anion and a proton combined with a carboxyl ion, and we believe th a t the experimental evidence indicates that it is actually too small to be unambiguously detected. A different kind of association within the fibre is possible, however, and is found when the anion of a weak acid is adsorbed. Superimposed on the normal adsorption of anions and protons, one then finds an amount of the undissociated acid adsorbed proportional to the concentration of the undissociated acid in the external solution (Steinhardt et al. 1943) . The dissociation constant of the adsorbed acid will not, of course, be the same as for the acid in aqueous solution.
T it r a t io n w it h p o l y b a s ic a c id s
The theory just described has not been extended by its authors to include poly valent ions, but these fit fairly easily into the scheme now being proposed, and it will be shown in a later paper th at the latter can give meaning to a number of long-standing experiments with dyes.
In general, if an ion of charge z is adsorbed, the electrostatic part of its chemical potential in the fibre phase is zeijr. The configurational p enumerate, for it cannot be said offhand how many positive sites a single polyvalent ion can occupy, or to what extent th at number depends upon the size and shape of the ion. Until contrary evidence is obtained, it will be assumed th at each ion occupies only one positive site. Then for an ion of type i, and valency z, electroneutrality requires that where Qi is the fraction of positive sites occupied.
(30)
For the adsorption of these anions from their solution of concentration we can therefore write (cf. equation (8)) B T l n -\ = i Z T l n -% -= 1 -6t zf rom which ijr may be eliminated using equation (7) 
and differs from equation (11) essentially in the presence of a term which arises from the lower degree of saturation of the anion sites. Data obtained by Speakman & Stott (1935) for the titration of wool keratin with sulphuric acid have been com pared in figure 3 with the curve resulting from equation (34) when 2 is put equal to 2.
The pH necessary for a given degree of saturation of the fibre increases as before if the anion concentration is increased, but according to a different law. Neglecting the adsorption of sodium ions, and letting ci and H vary independently by adding the sodium salt of the acid, we find for the titration equation from (7) and (31) 
An experiment was carried out in which samples of a specimen of wool containing 041 x 10~3 g.mol. of hydrogen ion per gram were washed with the minimum quantities of sodium sulphate solution of various strengths needed to ensure th a t each sample was in contact with a solution of known strength. The pH of each solution was then measured with a glass electrode. Negligible quantities of acid were removed during the washing and true equilibrium appeared to be attained almost immediately. From figure 2, in which the results are given, it can be seen th at the slope of the plot of pH against log (S0 4) is initially 0*38 instead of the value 0*5 which one would predict from equation (36). At high concentrations of sulphate ion, the neglect of activity coefficients is serious, and sodium ions must begin to compete appreciably with protons for carboxyl sites.
We are indebted to Messrs I.C.I. (Dyestuffs) Ltd. for a grant to one of us (G. A. G.) which enabled this investigation to be carried out.
